Microorganisms represent the largest reservoir of biodiversity on Earth, both in numbers and total genetic diversity, but it remains unclear whether this biodiversity is organized in discrete units that correspond to ecologically coherent species. To further explore this question, we examined patterns of genomic diversity in sympatric microbial populations. Analyses of a total of B200 Mb of microbial community genomic DNA sequence recovered from 4000 m depth in the Pacific Ocean revealed discrete sequence-defined populations of Bacteria and Archaea, with intrapopulation genomic sequence divergence ranging from B1% to B6%. The populations appeared to be maintained, at least in part, by intrapopulation genetic exchange (homologous recombination), although the frequency of recombination was estimated to be about three times lower than that observed previously in thermoacidophilic archaeal biofilm populations. Furthermore, the genotypes of a given population were clearly distinguishable from their closest co-occurring relatives based on their relative abundance in situ. The genetic distinctiveness and the matching sympatric abundances imply that these genotypes share similar ecophysiological properties, and therefore may represent fundamental units of microbial diversity in the deep sea. Comparisons to surface-dwelling relatives of the Sargasso Sea revealed that distinct sequence-based clusters were not always detectable, presumably due to environmental variations, further underscoring the important relationship between environmental contexts and genetic mechanisms, which together shape and sustain microbial population structure.
Introduction
Phylogenetic surveys of small-subunit ribosomal RNA genes (SSU rRNA) (Giovannoni et al., 1990; Rappe and Giovannoni, 2003; Acinas et al., 2004) and, to a lesser extent, single protein-coding genes (Palys et al., 2000) have frequently recovered distinct sequence-based clades from the environment revealing one level of genetic structural organization of microbial diversity. Several explanations based on recombination frequency Spratt et al., 2001) or population sweeps caused by periodic natural selection (Cohan, 2002; Acinas et al., 2004) have been advanced to explain the maintenance of these patterns of ribotype diversity. Alternative explanations such as population bottlenecks and random birth/extinction are less favorable and probably applicable to more restricted microbial groups and habitats, such as the vertically transmitted microbial pathogens (Moran, 2007) , compared to the groups surveyed in these previous studies. In any case, none of these theories has yet gained universal support for environmental microorganisms, in part due to lack of experimental data and the limited sub-species level resolution afforded by SSU rRNA sequence data.
In addition, emerging findings from higher resolution environmental genomic studies such as wholegenome shotgun (WGS) sequence analyses have recently revealed a considerable amount of genomic complexity within naturally occurring microbial communities. This genetic complexity has largely prevented the assembly of whole genomes from most microbial populations (Venter et al., 2004; Tringe et al., 2005; Rusch et al., 2007) , with a few exceptions from very simple communities (Tyson et al., 2004; Garcia Martin et al., 2006; Hallam et al., 2006a) . These data have not fully resolved whether a continuum of sequence variants (which would account for the incomplete assemblies) or discrete sequence-based clades most accurately typify natural microbial population diversity. Further, comparisons of isolates, either at the whole-genome level (Konstantinidis and Tiedje, 2005) or at multiple loci in the genome (for example, Multi Locus Sequence Analysis) (Hanage et al., 2005) , have frequently uncovered indiscrete ('fuzzy') microbial clades and species. Finally, genetic isolation between otherwise discrete microbial populations can be potentially reduced by the well-documented pervasiveness of horizontal gene transfer (HGT) (Lawrence, 2002; Sheppard et al., 2008) .
However, most known rRNA-based clades and clades supported by Multi Locus Sequence Analysis data are typically comprised of genotypes recovered from different populations and habitats Hanage et al., 2005; Thompson et al., 2005; Coleman et al., 2006; Rusch et al., 2007) . Thus, the extent of ecological distinctiveness and genomic adaptation to the environment of isolation of the organisms under study remain speculative, severely confounding population genetic analyses and comparisons (Konstantinidis et al., 2006) . These limitations also apply to a recent WGS study (Rusch et al., 2007) , which reported ribotype genetic diversity in microbial populations from randomly sampled planktonic microbial communities. To further understand the drivers of genetic variation in microbial populations, within-community genomic variation should be analyzed, focusing ideally on abundant populations that are less likely to represent transient and/or allochthonous members of the community. To this end, we analyzed genomic variation in a 4000-m deep sample from the Pacific Ocean by examining WGS coverage patterns on large genomic scaffolds of predominant archaeal and bacterial populations.
Materials and methods
Fosmid clone sequencing and assembling Fosmid (36 kb inserts, on average) and small-insert (1-2 kb long) plasmid libraries were constructed and sequenced from a 4000 m deep planktonic microbial assemblage as described previously, based on Sanger sequencing technology Hallam et al., 2006a) . The assembly of fosmid sequences into contigs was performed, essentially as described previously (Hallam et al., 2006a) , requiring at least 5-kb long overlap of 95% nucleotide (nt) identity or higher to merge two fosmids or contigs (high stringency). Only two of the total 50 fully sequenced crenarchaeal fosmids originating from 4000 m depth in the Pacific Ocean did not form contigs with other crenarchaeal fosmids (that is, they were singletons). The six largest and more robust contigs, each consisting of at least three fosmid clones and ranging in length between 60 and 120 kb, were arbitrarily linked to provide a 450 kb scaffold presenting a snapshot of the mosaic genome of the deep-sea Crenarchaea. The average nt identity, approximate start and end positions, and the length of the total overlap of the 25 fosmids constituting the scaffold relatively to the scaffold are provided in Supplementary Table S2 ; all crenarchaeal fosmids have been deposited in GenBank. No attempt was made to close the crenarchaeal genome because the coverage by our fosmid or small-insert libraries was not adequate to allow genome closing or even accurate genome size estimation. Nonetheless, the high frequency of overlapping fosmids among the 50 randomly selected crenarchaeal fosmids available, the total unique sequence space contained in these 50 fosmids, that is, B1 Mb, which is about half of their total sequence space, and the coverage of the Cenarchaeum symbiosum genome by fosmid and small-insert libraries (Supplementary Figure S1) clearly indicated that the genome size of the planktonic crenarchaea is substantially smaller than that of C. symbiosum (B2.1 Mb).
Sequenced reads from the small-insert library were mapped on a reference sequence such as a fosmid using the blastn (nt level) algorithm version 2.2.12 (Altschul et al., 1997) with the following settings: X ¼ 150 (drop-off value for gapped alignment), q ¼ À1 (penalty for nt mismatch) and F ¼ F (filter for repeated sequences); the rest of the parameters were at default settings with a minimum cutoff for a match of at least 500 aligned bases (of B870 in total, on average). These settings can more robustly detect distantly related sequences compared to the default settings. The nt identities were obtained directly from the blastn output for the aligned region.
Identifying crenarchaeal sequences in small-insert or fosmid end-sequence data (I) Previously published Hawaii Ocean Time fosmid end sequences: all end sequences in each of the seven available fosmid libraries (B10 000 sequences per library) were searched against the crenarchaeal genomic scaffold from 4000 m depth. Crenarchaeal sequences and sequences representing close relatives were defined as those sequences that had a match of at least 50% nt identity over at least 500 bp against the scaffold and their sister sequence also matched the scaffold at the same cutoff. A number of unrelated noncrenarchaeal sequences might have also passed the cutoff used; however, this number is presumably relatively small because Crenarchaea were typically very genetically distinct from any other population in the same microbial community (see Figure 2a ).
(II) Sargasso Sea metagenome: crenarchaeal sequences were identified as the previously assembled contigs (Venter et al., 2004) that were highly homologous and syntenic to the deep-sea crenarchaeal genomic scaffold, similar to how crenarchaeal fosmid sequences were identified using the C. symbiosum (Hallam et al., 2006a) as reference genome (see also Results). Visual inspection of the contigs was necessary to remove (rare) cases of assembly errors such as chimeric contigs, that is, contigs that were most likely composed of sequences representing another population in addition to the natural planktonic Crenarchaea (data not shown).
Visual inspection of recombination events
To assess recombination, it was first necessary to normalize for the variation in the sequencing error rate among the three small-insert WGS data sets used in this study, that is, the deep-sea Pacific Ocean (this study), the surface Sargasso Sea (Venter et al., 2004) and the Acid Mine Drainage (AMD) biofilm community (Tyson et al., 2004) . For this, the raw WGS data were cleaned and trimmed using the same Q15 quality cutoff for base calling with the Phrap-Phred package (Green, 2006) . Trimmed WGS sequences were subsequently aligned against a genomic sequence or a scaffold using the Sequencer v4.5 (Gene Codes, Ann Arbor, MI, USA). Visual inspection of the single-nucleotide polymorphism pattern among overlapping sequences for potential homologous recombination events was performed as reported previously (Tyson et al., 2004) . The RDP version 3 b05 program package (Martin et al., 2005) was also used to identify potential recombination areas, which were subsequently visually verified.
Recombination detection using GARD Genetic algorithm for recombination detection (GARD) (Kosakovsky Pond et al., 2006b ) was run with default settings (first running the GARD.bf module followed by the RecombinationProcessor_.bf one), using the HKY model for nt substitution for every alignment evaluated. The alignments were built using the following procedure: a reference scaffold (for example, deep-sea Crenarchaea) or a genomic sequence (for example, Ferroplasma) was cut into 800-bp long consecutive fragments, and these fragments were queried against the trimmed small-insert WGS or fosmid sequences for fully overlapping sequences of at least 90% nt identity to the reference fragment. Sequences that were at maximum 10 bp shorter at either end (but fully overlapping in their remaining length) were also included, after filling the missing bases with Ns (ambiguous sequence positions). Sequences longer than the 800-bp long fragments were trimmed to the exact 800-bp long overlap. All sequences for each fragment were finally aligned with ClustalW (Thompson et al., 1994) , and the alignment was analyzed by the GARD algorithm. Only multiple alignments of at least four sequences were evaluated. Evaluating shorter alignments, which would have increased the number of alignments available for evaluation, was not attempted as the sensitivity of GARD is decreasing with shorter sequences (SL Kosakovsky Pond, personal communication) . For the deep-sea small-insert library, which has an average insert size of 1.5 kb (that is, the sister reads typically overlapped by about 400 bp; average read length was B870 bp after trimming), the trimmed sister reads were assembled in one long sequence prior to the search with the reference fragments. The insert size for the Sargasso Sea and AMD libraries is larger, about 4 kb long (that is, the two sister reads are, typically, 2-2.5 kb apart). Given also that the trimmed sequencing reads were, on average, B850 bp long, these data sets did not produce enough alignments to evaluate with the above strategy; for example, there were not many fully overlapping reads at the standards used. For these data sets, the reference genomes were cut into 400-bp long consecutive fragments, which were then searched against the full WGS data set as described above for 800-bp long fragments. The final sequences evaluated with GARD were composed of the artificial fusion of the sister reads that matched two 400 bp fragments separated by 2-2.5 kb in the genomic sequence (that is, final alignment was 800 bp long). Fragments, either 800 bp long or 400 bp long, typically contained one protein-coding gene, whose annotation was obtained from the original annotation of the genomic sequence or after manual inspection of the results of tblastx (protein level) searches with the fragment sequence against GenBank.
LDhat analysis
The LDhat software (McVean et al., 2002) was run on 400-bp long gene alignments composed of fully overlapping WGS sequences representing the Ferroplasma or the deep-sea Crenarchaea natural population. Alignments were produced as described above for the GARD analysis. The genes evaluated were selected at random provided that they were singlecopy, not hypothetical or mobile in function and had preferably about 20 Â coverage in the WGS data set. Genes with substantially higher coverage than 25 Â , which met the requirements above and, particularly, the prerequisite for fully overlapping 400-bp long sequences, were not found, whereas genes with lower coverage than 10 Â were excluded from the analysis as the sensitivity of LDhat is decreased with a low number of sequences in the alignment (G McVean, personal communication 
Phylogenetic analysis
Phylogenetic analysis of overlapping small-insert WGS and fosmid sequences was performed as follows: sequences were aligned using the ClustalW software (Thompson et al., 1994) and phylogenetic trees were built from the alignment using the Maximum Likelihood or the Neighbor-Joining algorithms as implemented in the Phylip package (Felsenstein, 2004) .
Results
Crenarchaeal sequence identification and sequence randomness A combination of intermediate-sized DNA fragments (fosmid clones, B36 kb on average) and WGS data (insert size B1.5 kb) recovered from the same DNA sample from 4000 m depth in the Pacific Ocean was analyzed, focusing initially on an abundant autotrophic nitrifying archaeal group, the planktonic Crenarchaea (DeLong et al., 1994; Karner et al., 2001; Hallam et al., 2006b; Lam et al., 2007) . The fosmid clones analyzed represent a subset of the fosmid library that was end-sequenced and reported previously as part of the Hawaii Ocean Time Series metagenome survey . To identify the crenarchaeal fosmid clones in the latter library, all available end sequences of the library were searched against all published microbial-sequenced genomes (as of end of 2005) using the blastx (protein level) algorithm (Altschul et al., 1997) . A total of 50 fosmids, whose end sequences had a best match against the genome of C. symbiosum (Hallam et al., 2006a) , a marine crenarchaeal symbiont of animal marine sponges, were selected for complete sequencing.
Comparisons of the complete fosmid sequences against the C. symbiosum genome suggested that these 50 fosmids were indeed representative of pelagic Crenarchaea. A typical crenarchaeal fosmid had the majority and at least 20 out of an average of B40 of its genes shared with C. symbiosum, and the amino-acid identities of the shared genes averaged B60, ±10%. In contrast, a collection of 40 noncrenarcheal fosmids (selected independently and at random) had very few (o10) genes shared, of substantially lower amino-acid identity (o40%), with C. symbiosum (see Supplementary Table S1 for an example). Almost all of the putative crenarchaeal fosmids overlapped at high (495%) nt identity over at least 5 kb of their sequences (Supplementary  Table S2 ) and assembled into several large and robust contigs of, typically, 60-100 kb in size. These results further indicated that the fosmids were derived from very closely related organisms and were not representative of HGT events in unrelated genetic backgrounds (or such HGT events must had been very recent (to show 495% nt identity) and involved fragments much larger than 40 kb in size to be missed by our analysis, which is unlikely). Moreover, the Crenarchaea at 4000 m were genetically distinct from any other member of the indigenous microbial community (see below and Figure 2a ), which greatly facilitated the accurate and robust identification of crenarchaeal sequences in our random community libraries. Finally, the randomness of the fosmid clones selected for sequencing is evident by a nearly complete and uniform coverage of the C. symbiosum genome by the fosmid sequences. For example, the parts of genome shared by C. symbiosum and planktonic crenarchaea had on average 2 Â coverage by fosmids, with an s.d. of 1.17 (Supplementary Figure S1) .
In summary, the 50 sequenced fosmid clones selected for further analyses were representative of the indigenous crenarchaeal population at 4000 m depth, and provided sampling at different parts of the genome in 50 (presumably) different crenarchaeal cells.
Discrete sequence-based clusters characterize many marine microbial populations Nucleotide diversity analysis of the overlapping sections between these 50 fosmid sequences showed that the crenarchaeal population was dominated by genotypes sharing an average nt identity (ANI; calculated as described in the caption of Supplementary Table S2 ) between 94.5% and 100%. A smaller number of more divergent genotypes was syntenic, with a very small, if any, number of indels representing typically o5% of the total sequence of the fosmid clone (see also Figure 6 ), with those predominant genotypes, but shared only oB90% ANI with them ( Figure 1a ). The latter fosmids most likely represented divergent genotypes rather than horizontally transferred genomic islands, as they shared a large overlap with the scaffold, and the nt identity of the overlap was uniform.
To evaluate the relative in situ abundance of the crenarchaeal genotypes, the 50 fosmid sequences were queried against a total of B197 Mb of WGS data (101 176 clones in total) from the same DNA sample, which provided for a much more comprehensive and unbiased data set due to its size and (presumably) fewer cloning biases (see also the Discussion section). The number of highly related (X98% nt identity) WGS reads assembling to each fosmid was used to estimate the relative abundance of the corresponding genotype and its closest (showing 499% ANI) congeners. The 98% nt identity cutoff was also used to accommodate for the sequencing errors in WGS reads, which was calculated to be 2% at maximum (these were singlepass sequencing reads, trimmed at low stringency to provide for longer sequences, which was more important than sequence accuracy for the previous analysis. In contrast, fosmid sequences had substantially lower sequencing errors because they were sequenced at B10 Â coverage instead). The most divergent genotypes represented very minor populations as those fosmids were nearly devoid of matching WGS reads compared to the predominant genotypes that averaged B37 WGS reads per fosmid (that is, B1 Â coverage at 98% nt identity cutoff; Figure 1b ). The latter genotypes therefore appear ecologically differentiated from the rare divergent genotypes, given that under identical environmental conditions, they were significantly more abundant. The comparable abundances among the mostrelated genotypes indicate that the genotypes may share similar ecophysiological properties, which is reflected in their cohesiveness as a population.
To further assess the population structure of the deep-dwelling Crenarchaea, a 450-kb long scaffold, assembled from fosmids representing the consensus genome of the most abundant crenarchaeal variants, was queried against the WGS data at relaxed stringency (X50% nt identity). These comparisons indicated that the predominant deep-sea crenarchaeal population was genetically distinct from any other population sampled within the community as only B200 WGS reads were found that shared a nt identity between 50% to B85% with the scaffold. In contrast, B2000 WGS reads (providing for B4 Â coverage of the scaffold), representing the predominant genotypes that were identified in the fosmidbased analysis, assembled evenly across the scaffold in the B85-100% nt identity range (Figure 2a , black histogram). Further, analysis of the genes contained in the few matching WGS reads in the 50-85% nt identity range indicated that the majority of these WGS were attributable to highly conserved-at the sequence level-housekeeping genes such as ribosomal rRNA genes, ribosomal proteins and polymerases, and-relatively old-HGT events from/to unrelated organisms rather than divergent crenarchaeal genotypes (see also Analyses of whole-genome sequences of isolates and Figure 3a) . Even if some of the latter reads represented divergent genotypes (similar to those identified in the fosmid-based analysis), these would be at least 10-fold less abundant than the predominant genotypes according to the WGS-based analysis (o200 vs B2000 matching WGS reads). Thus, the discreetness of the predominant genotypes would be evident at the quantitative abundance level in the latter case.
The intrapopulation diversity based on WGS data (Figure 2a ) appeared higher than the diversity based on the fosmid sequences ( Figure 1a ) (B10% vs B5% nt sequence diversity, respectively). This difference was not attributable to the fact that the scaffold was composed of fosmid sequences because the ANI values among the fosmids were only 0.8% lower, on average, compared to the ANI values of the fosmids against the scaffold. Instead, the difference was largely explained by the higher sequencing errors in our unassembled WGS data and the fact that shorter sequences show a larger spread around fosmid clone and shows the number of WGS reads that assemble onto the fosmid clone sequence (that is, the coverage) at 98% nt identity cutoff (y axis) plotted against the average nt identity of the fosmid clone against the consensus scaffold (x axis). Fosmids are ordered according to decreasing identity to the scaffold on x axis. The dashed line represents the average coverage of the fosmids showing only 494% ANI to the scaffold. The analysis shows that the latter fosmids show comparable coverage by WGS reads in contrast to the more-divergent fosmids (o91% ANI to the scaffold), which show significantly lower coverage. Note that some (presumably small) variation in the coverage is expected as an effect of technical stochasticity in constructing and sequencing these random libraries. See Materials and methods for details; all underlying data are provided in Supplementary Table S2 . ANI, average nucleotide identity; Nt, nucleotide; WGS, whole-genome shotgun. Figure 2 Populations of marine microorganisms form discrete sequence-based populations. The histogram indicates the coverage of a reference sequence by small-insert shotgun reads (y axes) per unit of nt identity (x axes). For example, there are B330 reads in the 4000-m WGS library that assembled onto the 450-kb long crenarchaeal consensus scaffold with exact 97-97.99% nt identity over B800 (on average) aligned nt bases each, which gives a (330 Â 800)/450 000 ¼ B0.59 Â coverage at 97% nt identity level (a, highest black bar). The total number of reads yielding the observed coverage and the total length of each reference sequence are shown in parentheses. The coverage is normalized to the length of the reference sequence used to make coverage directly comparable between the four panels and representative of the relative in situ abundances of the corresponding populations. The reference sequences were (a) 450-kb long crenarchaeal consensus scaffold from 4000 m, (b) first 40 kb of scaffold no. 44893849 from Sargasso Sea assembled metagenome (Venter et al., 2004) , (c) concatenated sequence of 36 fosmid sequences (Coleman et al., 2006) , (d) BAC clone, GenBank accession AY619685.1 (Sabehi et al., 2004) , before (gray histogram) and after (black histogram) masking its rRNA operon. Figure 3 Simulated analysis of genomes of isolates identifies discrete sequence-based clusters. (a) Pairwise comparisons: a query genome was cut in 1-kb long consecutive fragments (to simulate WGS reads), which were subsequently queried against the reference whole-genome sequence of Salmonella typhimurium strain LT2. Figure shows the coverage (y axis) of the reference genome by the fragments of the query genome (graph legend) plotted against the nt identity of the matching fragments (x axis), similar to Figure 2 . Note that the dispersion of the identities of shared fragments around the genome average (ANI, graph legend) follows a normal distribution and is tighter with smaller genetic distance between the two genomes compared. Thus, even very highly related genomes such as strain bognori vs strain Chole yielded discrete coverage plots. The classes of genes deviating the most from the genome average in terms of their degree of sequence conservation (outliers) are denoted in the Salmonella vs Escherichia coli comparison (solid squares). (b) Multiple genome comparison: all 1-kb long fragments of 10 available genomes of Yersinia (70-75% ANI to the reference genome, light-gray histogram), 10 Salmonella (80-83% ANI, dark-gray histogram) and 10 E. coli genomes (94-100% ANI, black histogram) were queried against the whole-genome sequence of E. coli strain Sakai. The E.coli genomes formed a discernible cluster in all cases, even when the Salmonella and Yersinia genomes were combined (solid line) and when each of the combined genomes was first amplified 10 times (dashed lines). All genomes used were obtained from GenBank. Similar results were obtained for other important bacterial groups with several sequenced representatives (data not shown). ANI, average nucleotide identity; WGS, whole-genome shotgun. the genome-average ANI value compared to longer sequences or the whole genome (see also Figure 3a) . Therefore, the actual intrapopulation diversity was presumably better-reflected by the fosmid rather than the WGS data. Further analyses indicated that the deep-dwelling population was related to, but genetically distinct from, relatives dwelling in other habitats, including shallow-water relatives found in the Sargasso Sea (Venter et al., 2004) (Figure 2a, gray histogram) and a sponge-associated crenarchaeal population (Hallam et al., 2006a ) (data not shown).
A similar approach was used to assess the representation of other bacterioplankton genotypes represented by large genome fragments (BAC or fosmid clones) or whole-genome sequences from cultivated isolates. Other abundant marine microbial groups were also organized as discrete populations similar to those observed in deep-sea Crenarchaea. For example, SAR86-like g-proteobacteria in Sargasso Sea populations (Venter et al., 2004) shared 95-100% ANI with an 'SAR86' reference sequence (Sabehi et al., 2004) . Unlike deep-sea crenarchaeal populations, however, at least one other relatively abundant but distinct co-occurring SAR86-like population was present in Sargasso Sea surface waters, sharing B60-70% ANI with the same SAR86 reference sequence (Figure 2d ). Comparable results were also observed for whole-genome reference sequences from Prochlorococcus (Coleman et al., 2006) (Figure 2c ) and Pelagibacter (Giovannoni et al., 1990 ) (Supplementary Figure S2 ) in the Sargasso Sea data (Venter et al., 2004) as well as for fosmid clones of other abundant bacterial members of the d-proteobacteria, Chloroflexi and Planctomycetes in the 4000 m data. These data are not shown because the exact taxonomic affiliations of these as-yet 'unculturable' groups remain elusive as their fosmids typically lacked a 16S rRNA gene; the corresponding fosmid clones have been deposited to GenBank and are also available from the authors upon request. The diversity encompassed within each identified population varied, but never exceeded B10% ANI (WGS-based results), depending on the specific taxon examined and reflecting the composition of the corresponding population. For example, the Prochlorococcus population appeared more genetically diverse compared to the SAR86-like population in the Sargasso Sea (90-100% vs 95-100% nt diversity among the WGS reads representing each population, respectively; compare panel c with d in Figure 2 ). Although the number of clones representing the latter bacterial groups was too small to permit the full-scale analyses performed for Crenarchaea, the similarity in the coverage plots observed indicated that the patterns of diversity observed within Crenarchaea may be more broadly applicable to other planktonic microbial groups, including surface-dwelling ones.
Consistent with the findings based on the coverage of reference sequences by WGS data, phylogenetic analysis of a small subset of randomly selected fully overlapping WGS sequences also indicated discrete sequence-based populations for the deepsea Crenarchaea and the surface-dwelling Prochlorococcus (Supplementary Figures S3 and S4) . It is important to note, however, that a phylogenetic approach to address the same issues at the wholegenome level, and to the same extent addressed by our approach with the reference sequences, is not currently possible. This is due to the low coverage of the natural community by the WGS library, which does not allow for robust multiple alignments of sufficient length to be built. For example, Crenarchaea were the most abundant members in 4000-m deep community based on the coverage of fosmids by WGS reads; yet the coverage of their genome was, on average, 4 Â . This translates to (an average of) four sequences per 800-bp long alignment at maximum. That is, when the WGS reads were fully overlapping for their entire length, which rarely was the case due to the randomness of our plasmid libraries. The same limitation applies to the recently published large Global Ocean Survey (GOS) data set (Rusch et al., 2007) , as the coverage of each natural community sampled (that is, sequencing effort per sample) is comparable or smaller to the coverage achieved in our small-insert library.
Support from the analyses of whole-genome sequences of isolates To better interpret environmental sequence comparisons, we compared B100 fully sequenced closely related (that is, 460% ANI) genomic sequences from cultivated isolates representing several important bacterial genera (Escherichia, Shewanella and Burkholderia). Pair-wise whole-genome comparisons revealed that even genomes sharing 90-100% ANI would be distinguished as discrete sequencebased clusters by our approach, reflecting the fact that nt identities of the majority of individual shared genes were normally and tightly distributed around the average ANI between entire genomes. Indeed, genes much more (or less) conserved than the aggregate genome ANI comprised too small a fraction of the genome (typically o5%) to obscure the clusters observed (Figure 3a) . Even when a reference genome was queried against a mixture of 110 genomes, 100 of which showed 70-80% ANI to the reference genome and 10 which shared 494% ANI to the reference genome, the closely related genomes formed a clear sequence-based cluster (Figure 3b) .
The outlier genes in the previous pair-wise comparisons were not randomly distributed among the genes in the genome. Genes much more conserved than the genome average encompassed primarily housekeeping functions, with the ribosomal rRNA operon being the strongest outlier with this respect. On the other hand, genes much less conserved than the average included genes that are known to be hyper-variable, such as membrane proteins and antigens, and/or genes frequently transferred horizontally such as phage and transposase genes (see also annotations on graph of Figure 3a) . These results suggested that omitting highly conserved and mobile genes in the reference sequence would identify genetic discontinuities with higher sensitivity in environmental sequence comparisons. For instance, removing just the ribosomal rRNA operon from the SAR86 BAC clone revealed a clearer sequence-based cluster for the SAR-86 population in the Sargasso Sea (Figure 2d) . The alternative scenario for interpreting the differences in the coverage plots of SAR-86 BAC clone sequence prior and after the masking of the ribosomal rRNA operon, namely that rRNA genes have been transferred frequently among unrelated organisms, is highly unlikely. These results further supported the assumption that the less-abundant sequence intermediates in the coverage plots (for example, Prochlorococcus in Figure 2c , 75-85% nt range; Crenarchaea in Figure 2a , 50-85% nt range) are attributable more to genespecific patterns rather than to intermediate organisms. Hence, the sequence-based clusters described previously (for example, Figure 2 ) may, in fact, be more transparent when gene-specific patterns are taken into account.
Discrete populations may arise by several different mechanisms Distinct sequence-based populations were observed for more than 20 different reference sequences evaluated. A few exceptions to this pattern, however, were also encountered. For instance, a discrete sequence-based population was not evident when an assembled crenarchaeal contig from the Sargasso Sea project (Venter et al., 2004) was queried against the WGS data from the same sample. Instead, the crenarchaeal population in this environment appeared to consist of clonal or highly related genotypes showing 497-98% ANI to the reference sequence together with a collection of significantly less-abundant (0.2 Â vs 1.5 Â coverage, see Figure 2b ) genotypes sharing B76% to B92% identity to the reference sequence. These latter genotypes likely represented differentiated populations on the basis of their lower abundance and genetic distinctiveness compared to the former genotypes. Thus, the total crenarchaeal population in the Sargasso Sea at the time of sampling appeared heterogeneous. This may be related to winter deepwater mixing of Atlantic Ocean waters, which might combine allopatric crenarchaeal populations originating from different depths. The lack of crenarchaeal-like shotgun reads in the stratified summer samples of Sargasso (Venter et al., 2004; Hallam et al., 2006a) is consistent with this interpretation and suggests that frequent environmental fluctuation may have strong effects on the relative abundance of various discrete populations.
Additional evidence for the influence of winter deep-water mixing was observed in comparisons of crenarchaeal populations obtained from seven different depths in the Pacific Ocean against the Sargasso Sea crenarchaeal WGS reads. Consistent with previous environmental surveys that found larger populations of Crenarchaea in the sub-photic zone (Karner et al., 2001; DeLong et al., 2006) , crenarchaeal sequences in the Pacific Ocean increased in numbers with depth down to 770 m, and then decreased slightly at 4000 m depth. About half of the Pacific Ocean crenarchaeal sequences from 130 m depth and, to a lesser extend, from 200 m had highly related matches (495% nt identity) to crenarchaeal sequences from the Sargasso Sea surface waters. Crenarchaeal sequences from deeper or shallower waters were genetically more divergent from their Sargasso Sea counterparts (Figure 4 ; see also Supplementary Table S3) , further corroborating the idea that populations are genetically distinct at different depths. These results also imply a crenarchaeal population with little geographic structure (global population) between the world's two largest oceans at similar depths (for stratified waters) and confirm that the crenarchaeal population in the Sargasso Sea metagenome may consist of several distinct populations that are seasonally bloomed during winter deep-water mixing events. Notably, a global population between the two oceans was also implied for the only other microbial group that there was enough data available to evaluate our approaches, the Prochlorococcus group (Supplementary Figure S4 ).
Recombination may mediate population cohesiveness
Finer scale genomic comparisons of deep-sea crenarchaeal genotypes provided some clues about mechanisms that may influence population cohesiveness or divergence. Substantial evidence for intrapopulation genetic exchange (homologous recombination) was detected for about one-fourth of the crenarchaeal genes evaluated using the GARD algorithm (Kosakovsky Pond et al., 2006b) , which employs an advanced likelihood-based phylogenetic approach for recombination detection (Kosakovsky Pond et al., 2006a) (Figure 5 ). Visual inspection, performed essentially as described previously (Tyson et al., 2004) , of the single-nucleotide polymorphism patterns of the corresponding gene alignments as well as a total of B2 Mb of aligned WGS and B250 kb of fosmid sequences also indicated several genetic exchange events among the genotypes of the population (Supplementary Figure S5) . Homologous recombination therefore does not appear to be negligible in these deep-sea crenarchaeal genotypes and could potentially constitute an important force of population cohesion (see also below). Interestingly, comparable levels of recombination were detected in the Prochlorococcus population in the Sargasso Sea (Supplementary Table S4 ), suggesting that similar trends may be prevalent among many other pelagic microbial taxa. However, the recombination frequency in these marine populations was about three to four times lower than our parallel estimates for the Ferroplasma (euryarchaeal) population in an AMD biofilm community (Tyson et al., 2004) , using an identical approach on a very comparable subset of the AMD metagenome. For example, we estimate that more than 70% of the genes in the Ferroplasma population (vs B25% in Crenarchaea) have possibly undergone recombination, consistent with the findings of the original AMD study (Tyson et al., 2004) , and that the effect of recombination was typically more pronounced than in the deep-sea crenarchaeal population with multiple recombination events occurring on the same gene ( Figure 5 and Supplementary Table S4 ).
An important parameter for determining whether a microbial population is predominantly sexually reproducing or clonal in nature is the ratio of recombination rate (r) to mutation rate (y), with r/y ratios greater than one being indicative of a population with sexually reproducing characteristics. Recombination rates can be estimated by several methods, although the accuracy of the estimates for natural microbial populations remains uncertain. The uncertainty emerges from the facts that several important population parameters such as the effective population size (N e ) remain elusive, and that the methods have not been optimized for WGS data yet (see also Supplementary Table S5 and related discussion in the table caption). For the latter reason, Eppley et al. (2007) developed an independent method for estimating the r/y ratio in WGS data, based on manual identification of recombination events among overlapping WGS reads, and calculated the ratio to be between 2:1 and 4:1 for the Ferroplasma population in the AMD community. Given that recombination frequency is Figure 5 Lower recombination levels detected among deep-sea planktonic Crenarchaea compared to Euryarchaea from the acid mine drainage (AMD) biofilm community. Gene alignments were analyzed with the GARD algorithm (Kosakovsky Pond et al., 2006b) to detect instances of intrapopulation recombination. GARD employs a likelihood-based approach to calculate the Delta Akaike Information Criterion (Delta AIC) value between a candidate tree with one or multiple recombination break points and the default tree with no recombination. In general, Delta AIC values higher than B10 represent significant evidence that the evaluated gene has undergone recombination; the higher the Delta AIC value, the more dramatic the effect of recombination it likely has. Graph shows the number of genes (y axis) plotted against the Delta AIC value of the gene (x axis). The vertical dashed bar represents the critical Delta AIC value ¼ 10. The number of genes analyzed for each population, their average Delta AIC value and s.d. are shown in parentheses. Note that significantly more (w 2 test, Po0.01) Ferroplasma (AMD) genes showed evidence of recombination and that the average Delta AIC value was four times higher for these genes compared to those for Crenarchaea genes. Genes were selected at random, provided that they included a similar number of sequences and comparable sequence diversity in their alignments and they were single-copy and not mobile or hypothetical, to make results directly comparable between the two populations studied. See Materials and methods for details and Supplementary Table S4 for the underlying data. GARD, genetic algorithm for recombination detection. x axis) is plotted against the depth that each library was originated from (y axis). The number of crenarchaeal sequences in each library that was also highly related, that is 495% nt identity, to the crenarchaeal genomic scaffold from 4000 m Pacific Ocean (triangles, primary x axis) as well as to crenarchaeal sequences from the Sargasso Sea (diamonds, secondary x axis) is shown. Note the different scales between the two x axes. All underlying data are provided in Supplementary Table S3 . Nt, nucleotide. three to four times lower in the deep-sea crenarchaeal population, the r/y ratio is expected to be smaller and hence, this population appears predominantly clonal or, at most, marginally sexual based on the latter approach. Consistent with these interpretations, our estimation of the r/y ratio for 20 different genes of the deep-dwelling Crenarchaea, based on an alternative method that employs coalescent theory and a maximum likelihood approximation as implemented in the LDhat software (McVean et al., 2002) , ranged between B0.01 and 0.3, with an average of B0.1, and was significantly lower (about threefold) than our parallel estimate for Ferroplasma genes (Supplementary Table S5 ). It is important to note, however, that a r/y ratio of 0.3 might be high enough to account for sexually reproducing populations according to a recent computer simulation study (Fraser et al., 2007) . Thus, although it cannot be more firmly established whether homologous recombination is a strong force of population cohesion for these marine populations, these results do indicate a lower recombination levels in the planktonic vs the biofilmassociated (Ferroplasma) microbial populations based on three independent approaches (GARD, visual inspection and LDhat).
The role of horizontal gene transfer
It is important to point out that the frequency of illegitimate recombination (HGT), evidenced by foreign-sequence insertions or highly diverged alleles in the population consensus, appeared low but not undetectable. For example, about half of the fosmids evaluated contained 1-to 2-kb long insertions (for example, Figure 6 ). Similar levels of HGT were noted when examining the frequency with which the sister read of a read that matched the scaffold did not match the scaffold or a crenarchaeal fosmid, indicating that the corresponding clone may be representative of an HGT event to/from noncrenarchaeal genetic background (data not shown). Therefore, HGT may constitute another important evolutionary process for these deep-sea populations despite the remarkable stability of the environment at 4000 m depth. HGT appeared, however, quantitatively less frequent than homologous recombination. That is, it affected a maximum of 5% vs one-fourth of genes in the genome for recombination (for example, Figure 5 ), based on this small data set examined. Functional annotation of the genes subjected to horizontal transfer did not offer any definitive information as to whether or not the transferred genes were of any ecological importance for the planktonic crenarchaeal populations, mostly because the genes were primarily of hypothetical or conserved hypothetical function (data not shown).
Discussion
Do sequence-based clusters encompass more than one discrete population? The discrete sequence-based populations identified here (for example, Figure 2 ) appear to represent an important organizational level in planktonic microbial populations. The matching sympatric abundances of similar but non-identical genotypes comprising these populations (for example, Figure 1b ) indicate a high level of ecological coherence. These data, however, do not fully resolve whether there may be even finer scale levels of ecological differentiation. One concern common to all such studies is whether the coverage of the Figure 6 Intrapopulation gene-content diversity for the deep-sea planktonic Crenarchaea based on overlapping fosmid clones. Graphs show the composition of the two largest crenarchaeal contigs assembled (contigs 1 and 2) by individual overlapping fosmids. Genecontent differences as well as the average nt identities between the overlapping fosmids are also denoted on the graph. Note that fosmids were absolutely syntenic in gene content, with no rearrangements, unless interrupted by small, typically 1-2-kb long, exact gene insertions or deletions (depending on which fosmid was considered as reference sequence; insertions were used here for consistency purposes only). The patterns observed in the two contigs shown were representative of the patterns in the remaining contigs assembled from crenarchaeal fosmid sequences as well.
microbial community by sequencing is great enough to expose the finer levels of differentiation. If the sequenced libraries provide a relatively unbiased sampling of the natural community, however, then the results based on relatively low coverage (for example, this study) should be representative and reproducible in high-coverage libraries as well. We believe that the metagenomic libraries used in our study, particularly the small-insert one due to its very small insert size (B1.5 kb), which makes the cloning of intact toxic genes for the laboratory Escherichia coli vector more unlikely (Sorek et al., 2007) , provide such unbiased sampling. Moreover, statistical comparisons of the diversity of the 16S rRNA genes recovered in the 4000-m deep fosmid library relative to the small-insert library from the same DNA sample revealed that although fosmids sampled significantly fewer a-proteobacteria 16S rRNA genes, the differences were overall rather than minor (Pham et al., 2008) . Finally, the 50 sequenced crenarchaeal fosmids used in this study provided a rather extensive and uniform coverage of the C. symbiosum genome (Supplementary Figure S1) . Although no clone library should be expected to be free of any biases, our results collectively indicate that the biases associated with our metagenomic libraries are not strong enough to prevent meaningful comparisons and conclusions to be made.
In addition, three independent lines of evidence suggest that finer levels of ecological differentiation may be absent. First, if the identified populations consisted of distinct sub-populations, and these sub-populations differed (genetically or in relative abundance), this would have been evidenced by uneven coverage plots or uneven abundances of the corresponding genotypes in the WGS libraries, respectively. Such uneven coverage was not observed except in very specific cases such as the crenarchaeal population in the Sargasso Sea metagenome (see Figure 2b and related discussion above). Second, the analyses of whole genomes of isolates confirmed that even genotypes sharing 90-100% ANI would have been distinguishable as discrete sequence-based clusters by our approach. These analyses also revealed that organismal discontinuities might appear more pronounced when gene-specific patterns of sequence conservation and horizontal transfer are taken into account (Figure 3) . Third, the substantial levels of homologous recombination detected ( Figure 5 ) indicate that the genotypes of a population might cohere together via means of genetic exchange. Further, the documented logarithmic drop in recombination frequency with increasing evolutionary divergence of the recombining sequences, particularly in the range of 80-90% sequence identity (Zawadzki et al., 1995; Vulic et al., 1997; Eppley et al., 2007) , which roughly corresponded to the areas of genetic discontinuities in our coverage plots (for example, Figure 2 ), makes homologous recombination an intriguing candidate mechanism responsible for the discreetness of the populations observed here.
Consistent with the idea of a discrete ecological unit, extrapolation from overlapping fosmid clones indicated that gene-content differences between genotypes of the crenarchaeal population comprised less than 5% of all the genes in their genomes. For instance, there is a maximum of B2 kb insertions (5% of the total) between fully overlapping 36-kb long (on average) fosmid sequences ( Figure 6 shows a representative example of the fosmids evaluated). It is possible that some of these gene content differences are due to transposition events to other parts of the genome (not cloned in our libraries), and hence the actual gene content differences may be significantly smaller than 5%. Only a single exception to this rule was encountered for fosmid HF4000ANIW97P9, which contains a B10-kb long fragment comprised almost exclusively of hypothetical genes. This sequence appears to represent a genomic island or acquisition of a prophage genome specific to the corresponding genotype ( Figure 6 ). The extremely low frequency of such cases identified, that is one fosmid clone in B50 overlapping fosmids evaluated, indicates that large genomic differences among the genotypes comprising the population may be rare, in general. Comparative analyses have shown that strains of the same bacterial species frequently differ by up to 30-35% of their total gene content (Konstantinidis and Tiedje, 2005) , suggesting that these discrete populations are phenotypically much more homogeneous than are many commonly defined cultivated bacterial species.
It cannot be completely ruled out that distinct sub-populations have emerged only recently, and so have not differentiated enough (or differences occur in only a small number of genes) to be detectable by our analyses. It is also possible that different microniches, each containing discrete sub-populations, might exist in the 670 l of filtered seawater that made up our deep-sea sample. The relative homogeneity of the nutrient-limited planktonic environment, however, renders this explanation less likely. Furthermore, our results collectively indicate that the deep-sea crenarchaeal populations identified here represented a consistent, evolutionarily and ecologically discrete unit. If this proves correct, then our data suggest that the most plausible scenario for the emergence of such units would have been selection (or niche invasion) followed by neutral diversification fostered by the remarkably stable physicochemical environment found at 4000 m depth . Alternative scenarios such as rapid diversification, after severe population bottlenecks, are less favorable, given the stability of this environment.
Implications for the species definition Interestingly, the genetic diversity within several of the populations we observed (for example, Figures 1a, and 2 and related discussion above) was roughly comparable to the most frequently used standards for demarcating microbial species, that is, B5-6% genomic sequence divergence (Konstantinidis and Tiedje, 2005; Goris et al., 2007) . Yet, this current operational species definition has been criticized for being overly broad, encompassing phenotypically heterogeneous groups of microorganisms under the same 'named' species (Cohan, 2002; Konstantinidis et al., 2006; Staley, 2006; Ward, 2006) . This debate may be largely attributable to the fact that many species collections represent heterologous assemblages of genotypes, recovered from different populations and habitats. Our data indicate that when genotypes share the same ecological trajectory, they not only conform to a discrete genotypic boundary (for example, Figure 2 ), but also appear to represent much more uniform phenotypes (for example, Figure 6 ). When the environment of isolation and the ecological success of the organism within this environment remain unknown, then more stringent standards such as the 99% ANI proposed earlier (Konstantinidis and Tiedje, 2005) may present more robust and dependable standards for identifying homogeneous collections of organisms. Finally, the substantial intrapopulation genomic diversity observed seems to imply that selective sweeps, thought to cause microbial speciation, might be more rare or propagate more slowly than previously anticipated (Cohan, 2002) , at least in some microbial habitats such as the deep sea.
Concluding summary
Determining how accurately rRNA-based microbial clades (Giovannoni et al., 1990; Rappe and Giovannoni, 2003; Acinas et al., 2004 ) (sometimes equated with species (Staley, 2006; Ward, 2006) ) represent functionally uniform phenotypes is relevant to interpreting their ecological significance. Intraclade diversity is frequently defined as ranging between 1% and 5% 16S rRNA (Rappe and Giovannoni, 2003) sequence difference. In the 4000-m crenarchaeal population, we observed a maximum of B5-6% genomic sequence divergence that corresponded to 51% rRNA gene sequence divergence . This relationship between genome sequence divergence and rRNA sequence variation is similar to that observed in whole-genome sequence comparisons of cultivars Tiedje, 2005, 2007) . These results suggest that only a small proportion of related genotypes typically reported within the known rRNA clades may be active or ecologically significant at a given time and place. The remaining genotypic variants (typically, o90% identical at the genome level to the dominant type) apparently occupy different niches or habitats, perhaps reproducing at diminished rates or remaining latent until genotypespecific environmental conditions allow them to flourish. Our results therefore tend not to support 'neutral' or 'functionally redundant' diversity patterns between (but not within) the different populations constituting the known rRNA-based clades. They also indicate that sequence divergence (as indicated by clear genetic discontinuities, Figure 2 ) and niche overlap (reflected by comparable sympatric abundances, Figures 1b and 2a) may determine cohesiveness or divergence of populations, more than recombination does. Thus, our findings contrast with recent results from other microbial habitats, in particular biofilms that exhibit much higher levels of intrapopulation recombination (Tyson et al., 2004; Nesbo et al., 2006) . These habitat-related differences underscore the important relationships between ecological setting, biotic interactions and genetic mechanisms that together shape and sustain microbial population structure and function.
